Cucumber (Cucumis sativus L.) and melon (C. melo L.) are globally important crop species in the family cucurbit. However, pests and disease, including various viral diseases, affect cucumber and melon production in Japan. Choosing a resistant cultivar is one of the most effective methods for disease control. Many sources of viral resistance have been identified in cucurbits, and various resistant commercial cultivars have been bred. This review describes the present status of cucurbit breeding and sources of resistance to the four major viruses in Japan. Melon yellow spot virus (MYSV) and Cucurbit chlorotic yellows virus (CCYV) are devastating insecttransmitted viruses that were first reported in Japan. MYSV-resistant cucumber and CCYV-resistant melon were selected from germplasm collections. The resistance of cucumber accession 27028930 to MYSV is temperature dependent and intermediate; melon isolate (MYSV-S) inoculation resulted in no systemic infection of resistant cucumber plants at low temperature (20°C). The melon accession JP 138332 exhibits high resistance to CCYV. These accessions are considered promising sources for breeding resistant cultivars. Cucumber green mottle mosaic virus (CGMMV) and Melon necrotic spot virus (MNSV) are soil-borne viruses. The Korean melon accession 'Chang Bougi' is resistant to the SH isolate of CGMMV. The resistance of 'Chang Bougi' is controlled by two independent complementary recessive genes (cgmmv-1 and cgmmv-2), whereas resistance to MNSV is controlled by a single recessive gene (nsv) in melon. The nsv gene was introduced into commercial cultivars, and these cultivars have shown high resistance to MNSV. There is an increasing demand for new cultivars with resistance to additional viruses. To satisfy this demand and solve problems related to cucurbit viruses, core collections of each cucurbit crop are required for the identification of resistant germplasm, and marker-assisted selection will allow us to breed new cultivars rapidly and accurately.
Introduction
Cucumber (Cucumis sativus L.) and melon (C. melo L.) are major crop species in the cucurbit family and economically important crops worldwide. Their yield and quality are influenced by various factors, including environmental conditions, pests, and disease. To alleviate the serious problems posed by pests and diseases, biological, physical, chemical, and cultural controls have been developed. One of the most effective methods of disease control is the use of a resistant cultivar. However, the resistant genes in cultivated species are limited and the use of only cultivated species to address new diseases is practically difficult. Therefore, alternative genetic resources should be screened for resistance to new disease. Various traits have been discovered in genetic resources, not only for disease resistance, but also for features such as functionality and medicinal properties. These traits have been introduced into cultivated species. Such genetic resources are indispensable for plant breeding and valuable for humanity.
Numerous viral diseases, including those caused by Beet pseudoyellows virus (BPYV; Yamashita et al., 1979) , Cucumber green mottle mosaic virus (CGMMV; Furuki and Komuro, 1973; Komuro et al., 1968) , Cucumber mosaic virus (CMV; Komuro and Asuyama, 1954) , Cucurbit chlorotic yellows virus (CCYV; Gyoutoku et al., 2009) , Kyuri green mottle mosaic virus (KGMMV; Inoue et al., 1967) , Melon necrotic spot virus (MNSV; Kishi, 1966) . Melon yellow spot virus (MYSV; Kato et al., 2000) , Papaya ringspot virus (PRSV; Iwasaki et al., 1992) , Squash mosaic virus (SqMV; Yoshida et al., 1980) , Watermelon mosaic virus (WMV; Iwasaki and Inaba, 1988) , Watermelon silver mottle virus (WSMoV; Iwaki et al., 1984) , and Zucchini yellow mosaic virus (ZYMV; Iwasaki and Inaba, 1988) occur in cucurbitproducing areas in Japan. Many sources of cucurbit resistance to viruses have been reported, and foreign seed companies have already bred various resistant commercial cultivars. Demand for new cultivars with resistance to additional viruses continues to increase. However, few virus-resistant cultivars have been cultivated to control these viral diseases in Japan. Japanese consumers demand high-quality products. When a new resistance gene from a genetic resource with poor fruit characteristics is introduced into a cultivated species, it is difficult to exclude inferior traits that may be linked to the resistance gene of that genetic resource. It is also a challenge to breed a resistant cultivar with fruits of a quality higher than, or comparable to, existing commercial cultivars. On the other hand, new and devastating viruses of cucurbits, such as CCYV and MYSV, are spreading in Japan (Gyoutoku et al., 2009; Okuda et al., 2009) , heightening the need for new genetic resources from which to breed new resistant cultivars. This review describes the present status of breeding and sources of resistance to the four major viruses of cucurbits in Japan. (Igarashi et al., 1986; Kooistra, 1969; Porter, 1929; Shifriss et al., 1942; Wasuwat and Walker, 1961) . The melon accessions of 'Freeman's cucumber ', 'Mawatauri', 'Mi Tang Ting', 'Miyamauri', PI 161375, 'Sanuki-shirouri', 'Shinjong', 'Shirouri 2', and ' Yamatouri' also have reported resistance to CMV (Daryono et al., 2003; Dogimont et al., 2000; Karchi et al., 1975; Takada et al., 1979) . The cucumber 'Dina' has reported resistance to ZYMV , and the cucumber TMG-1 has reported resistance to Moroccan watermelon mosaic virus (MWMV), PRSV, WMV, and ZYMV Wai et al., 1997) . The melon accession PI 414723 has reported resistance to WMV and ZYMV (Danin-Poleg et al., 1997; Gilbert et al., 1994; Pitrat and Lecoq, 1984) , while the melon accessions 'Mawatauri', 'Kohimeuri', PI 161375, and PI 371795 have reported resistance to KGMMV (Daryono et al., 2005) . The cucumber accessions PI 177364, PI 211589, PI 605923, Ames 13334, and Ames 3950 have reported resistance to Cucurbit yellow stunting disorder virus (CYSDV; Aguilar et al., 2006; Eid et al., 2006) , and the melon accessions TGR-1551 and PI 313970 also have reported resistance to CYSDV (López-Sesé and Gómez-Guillamón, 2000; McCreight and Wintermantel, 2011).
Breeding status and sources for resistance to viruses in cucurbits
The melon accession PI 124112 has reported resistance to Cucurbit aphid-borne yellows virus (CABYV; Dogimont et al., 1997) , and the cucumber accession C.sat-10 has reported resistance to Cucumber vein yellowing virus (CVYV; Pico et al., 2003) .
Foreign seed companies have already bred commercial cultivars with resistance to CMV, CYSDV, CVYV, PRSV, WMV, and ZYMV in cucumber, and MNSV in melon. The melon accession PI 161375 has reported resistance to CMV transmission by Aphis gossypii Glover. A single dominant gene (Vat; Pitrat and Lecoq, 1980) controls this trait, and commercial cultivars possessing the Vat gene have been bred. In Japan, the breeding lines 'Ano No. 1, No. 2, and No. 3 (Takada, 1983) . The development of commercial cultivars for resistance to viral diseases only began in 2000 in Japan. Since then, ZYMV-resistant cucumber and MNSV-resistant melon cultivars have been developed and are being used for the control of viral diseases in Japan (Okuda et al., 2006; Sugiyama, 2004 ).
Melon yellow spot virus-resistant cucumber
Melon yellow spot virus (MYSV), a member of the genus Tospovirus, was first detected on diseased melon in Shizuoka Prefecture in 1992 (Kato et al., 2000) , and on cucumber in Kochi Prefecture in 1995 (Takeuchi et al., 2001) . The areas affected by MYSV are increasing, especially in the Kyushu, Shikoku, Tokai, and Kanto regions of Japan. In addition, MYSV has also been reported in Taiwan, Thailand, and China (Chen et al., 2008; Chiemsombat et al., 2008; Gu et al., 2012) . The virus induces chlorotic spots, mosaic mottling, and yellowing on the leaves, and sometimes causes mottling on fruits. These symptoms often result in substantial yield losses. Melon thrips (Thrips palmi Karny) transmit MYSV in a persistent manner, but MYSV is not transmitted via soil contamination, or seeds (Kato et al., 1999) . Sugiyama et al. (2009a) reported that cucumber accessions originating from South Asia, and particularly Southeast Asia, had intermediate resistance to MYSV. The cucumber accessions 27028930 ( Fig. 1 ) showed resistance to a melon isolate (MYSV-S) of MYSV, and Yamakyuri-1 showed intermediate resistance to a cucumber isolate (FuCu05P). Spots infected with MYSV in inoculated cotyledons on susceptible 'Shimoshirazu' were larger than those on 27028930 and Yamakyuri-1 (Fig. 2) . The resistance to MYSV of resistant cucumber accessions was reported to be temperature dependent Igarashi et al. (1986) , Kooistra (1969) , Porter (1929) , Shifriss et al. (1942) , Wasuwat and Walker (1961) melon 'Freeman's cucumber', 'Mawatauri', 'Mi Tang Ting', 'Miyamauri', PI 161375, 'Sanuki-shirouri', 'Shinjong', 'Shirouri 2', 'Yamatouri' cmv (three recessive genes from'Freeman's cucumber')
Creb-2 (a single dominant gene from 'Yamatouri') Daryono et al. (2003) , Dogimont et al. (2000) , Karchi et al. (1975) , Takada et al. (1979) CVYV (Sugiyama et al., 2009b) . No systemic infection developed in resistant 27028930 plants after inoculation with MYSV-S at low temperature (20°C), and the viral spread of MYSV-S and MYSV-FuCu05P in inoculated cotyledons was suppressed. In contrast, higher incubation temperatures (25°C and 30°C) facilitated viral spread in inoculated cotyledons and systemic infection by MYSV-S ( Table 2) . The resistance to MYSV-S in 27028930 was determined to be controlled by a single dominant gene (Sugiyama and Sakata, 2010) . In contrast, MYSV-FuCu05P resistance is controlled by polygenes and is inherited quantitatively (Sugiyama et al., 2011) . The cucumber line Kyuri Ano 4 was bred with intermediate resistance to MYSV (Sugiyama et al., 2012) . The yield loss of Kyuri Ano 4 inoculated with MYSV-FuCu05P was significantly lower than that of susceptible cultivars. Kyuri Ano 4 is therefore considered a promising source of MYSV resistance. Intermediately resistant cultivars can be useful as part of integrated pest management (IPM). However, if plants of intermediately resistant cultivars are infected with a virus, these plants may become the source of viral infection.
Cucurbit chlorotic yellows virus-resistant melon
Cucurbit chlorotic yellows virus (CCYV), a member of the genus Crinivirus, was first detected on diseased melon in Kumamoto Prefecture in 2004, and on cucumber (Gyoutoku et al., 2009 ). CCYV infection is expanding, especially in the Kyushu, Shikoku, and Kanto regions of Japan. CCYV has also been reported in China, Taiwan, and Sudan (Gu et al., 2011; Hamed et al., 2011; Huang et al., 2010; Zeng et al., 2011) . Plants infected with CCYV initially show slight mottling symptoms, which develop into severe yellowing. Although infected fruits do not show symptoms, the virus infection causes considerable yield losses in cucumber and a significant decrease in the sugar content of melons. CCYV is transmitted by sweet potato whitefly, Bemisia tabaci Gennadius biotype B and Q (Okuda et al., 2010) .
The Cucumis spp. C. anguria L. and C. zeyheri Sound have displayed resistance to CCYV (Okuda et al., 2010) . However, these species do not cross with either C. melo or C. sativus and therefore are not suitable as genetic sources in melon and cucumber breeding (Skálová et al., 2007) . The melon accessions JP 138332, JP 216154, JP 216155, JP 216751, and JP 91204 showed no or faint symptoms when inoculated with CCYV (Okuda et al., 2013) . Among those, JP 138332 (var. momoridica) originating from India showed much lower CCYV RNA accumulation. The resistance to CCYV in JP 138332 was associated with the inhibition of virus multiplication, and JP 138332 is considered a promising source of resistance to CCYV.
Cucumber green mottle mosaic virus-resistant melon
Cucumber green mottle mosaic virus (CGMMV), a member of the genus Tobamovirus, is one of the major diseases affecting melon and watermelon in Japan (Furuki and Komuro, 1973; Komuro et al., 1968) . The watermelon isolate CGMMV-W from watermelon (Komuro et al., 1968) and the SH isolate CGMMV-SH from melon (Furuki and Komuro, 1973) have been isolated in Japan. The cucumber isolate CGMMV-Cu in cucumber (Inoue et al., 1967) was renamed Kyuri green mottle mosaic virus (KGMMV) based on serological and molecular analysis (Francki et al., 1986) . The occurrence of CGMMV has also been reported in bottle gourd in India (Vasudeva et al., 1949) and in watermelon in Korea (Lee et al., 1990) . The transmission of CGMMV occurs easily through foliage contact, soil contamination, and seeds. CGMMV causes mosaic patterns on leaves and the deterioration of fruits, leading to severe yield losses and economic damage (Nagai et al., 1974; Toki, 1974) .
Melon plants of the non-dessert-type accessions 'Phoot', 'Kachri', FM1, and FM5 have been reported to be resistant to CGMMV (Rajamony et al., 1990) . The resistance of these accessions to CGMMV was found to be governed by recessive polygenes. The plants of these accessions exhibited very mild symptoms in the early stages following inoculation of CGMMV (symptomless carrier type). Sugiyama et al. (2006) reported that the Korean accession 'Chang Bougi' (Makuwa Group; Fig. 1 ) showed delayed symptom expression in the upper leaves after mechanical inoculation with CGMMV-SH. At 24°C, no symptoms were observed in the upper leaves of 'Chang Bougi' plants after inoculation with CGMMV-SH. In contrast, at 30°C, chlorotic spots were observed (Table 3 ). The accumulation patterns of CGMMV in the inoculated portions of 'Chang Bougi' and 'Perlita' (susceptible control) cotyledons were almost identical. In the uninoculated portions of 'Perlita' cotyledons, CGMMV was detected within 4 days after inoculation, but was not detected in the uninoculated portions of 'Chang Bougi' cotyledons until 10 days after inoculation (Fig. 3) . Symptoms were observed, and the virus was detected, in the upper leaves of 'Chang Bougi' plants inoculated with CGMMV-W or KGMMV. The authors of this study proposed that virus movement was restricted, that growth at 30°C enhanced symptoms in the 'Chang Bougi' plant, and that resistance to CGMMV in this accession was specific to the SH isolate. The resistance to CGMMV-SH in 'Chang Bougi' is dependent on two independent complementary recessive genes (cgmmv-1, cgmmv-2; Sugiyama et al., 2007; Table 4 ).
Melon necrotic spot virus-resistant melon
Melon necrotic spot virus (MNSV), a member of the genus Carmovirus, is a major disease affecting melon in Japan (Kishi, 1966) . Infection by MNSV has also been reported in melon from France (Marrou and Risser, 1967) , the United States (Gonzalez-Garza et al., 1979) , and Greece (Avgelis, 1985) . MNSV is transmitted in nature by the soil fungus Olpidium radicale Schwartz & Cook and is also transmitted through seeds and machinery (Furuki, 1981) . In infected plants, MNSV causes local necrotic spots or large necrotic lesions on leaves, stems, and petioles and leads to severe melon yield losses and economic damage.
Some melon cultivars, such as 'Improved Gulfstream', 'New Melon', 'Perlita', 'Planters Jumbo', and PMR 5, are resistant to MNSV (Gonzalez-Garza et al., 1979; Inoue et al., 1998; Yoshida and Goto, 1987) . Sugiyama and Sakata (2004) reported that 45 different accessions also showed resistance to MNSV. In these accessions and cultivars, a single recessive gene (nsv) controls resistance to MNSV (Coudriet et al., 1981) , and this gene has been introduced into several cultivars. Nieto et al. (2006) identified the melon eukaryotic translation initiation factor 4E (Cm-eIF4E) as a resistant gene. The nsv gene functions by preventing the accumulation of viral RNA at the single-cell level (Díaz et al., 2002) . The nsv gene is effective against all known strains of the virus except for the recently described MNSV-264 strain. Mallor et al. (2003a) reported that 'Doublon' showed a new type of resistance to MNSV; specifically, no systemic symptoms appeared after inoculating with five isolates of MNSV, including an isolate that overcomes nsv gene resistance. However, local lesions appeared on the inoculated cotyledons. In 'Doublon' plants, MNSV was detected only in the necrotic lesions; no virus was detected in the area between lesions or in uninoculated leaves. Two completely dominant genes (Mnr-1, Mnr-2) control MNSV resistance in 'Doublon' (Mallor et al., 2003b) . 'Melon Parental Line 4' (Fig. 1) , originally bred as a short lateral-branching melon (Ohara et al., 2001) , also has high resistance/tolerance to fusarium wilt races 0, 1, 2, and 1, 2y (Ohara et al., 2002) and MNSV (Sugiyama and Sakata, 2004) . 'Melon Parental Line 4' can be used as a source of multipledisease-resistant rootstock for melon cultivation.
Recently, various rootstock cultivars with resistance to fusarium wilt and MNSV have been bred and used for disease management.
Conclusion
Various viral diseases occur in the cucurbit-producing areas of Japan, and the occurrence of new cucurbit viruses, such as CCYV and MYSV, has become a serious problem. The demand for breeding new virus-resistant cultivars continues to increase. Searching for resistant sources is the first step for breeding resistant cultivars. The NARO Institute of Vegetable and Tea Science and the Genebank of the National Institute of Agrobiological Sciences (NIAS) maintain a collection of more than 6,000 cucurbits. The effective selection of germplasm materials from a large number of genetic resources is necessary for screening tests. Core collections of melon and cucumber have been selected from a large number of genetic resources Staub et al., 2002) . These core collections have wide genetic and morphological diversity. A core collection could increase the efficiency of identifying potentially useful germplasm. Therefore, the selection of core collections of each cucurbit crop in Japan is also highly desirable. Various sources of resistance to viral diseases have been reported in the literature, and many commercial cultivars have already been bred with viral resistance. Some of these genetic traits are inherited easily, such as the ZYMV resistance gene (zym) in cucumber and MNSV resistance gene (nsv) in melon (Coudriet et al., 1981) . However, many sources of resistance have been reported from polygenic inheritance. Most of this resistance is intermediate, such as CMV resistance in cucumber (Wasuwat and Walker, 1961) and melon (Dogimont et al., 2000; Takada et al., 1979) , CGMMV resistance in melon (Rajamony et al., 1990; Sugiyama and Sakata, 2007) , and MYSV resistance in cucumber (Sugiyama et al., 2011) . It is difficult to exclude inferior traits that may be linked to resistant genes, and it is also difficult to pyramid the genes conferring different resistances. To solve these problems, marker-assisted selection is necessary for breeding resistant cultivars with genetic traits that are controlled by polygenic inheritance. Using information on the entire genome sequence, and expressed sequence tags, high-density genetic linkage maps for melon and cucumber will allow us to breed new cultivars rapidly and accurately (Diaz et al., 2011; Garcia-Mas et al., 2012; Huang et al., 2009; Ren et al., 2009 ). Table 4 . Response of 'Chang Bougi', 'Perlita' and progeny derived from their cross, to inoculation with CGMMV-SH. Expected ratios and χ 2 values based on two independent recessive genes. 
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